Aims/hypothesis The fractal dimension (D f ) of the retinal vasculature is a global measure of its branching pattern complexity. We examined the relationship of retinal D f with diabetes. Methods We conducted a cross-sectional study of 1,577 participants with diabetes and impaired glucose metabolism and normal controls from the population-based Australian Diabetes, Obesity and Lifestyle (AusDiab) study. Retinal D f was quantified from fundus photographs using a computerbased programme and diabetes status was determined by oral glucose tolerance test based on the WHO criteria. Results After adjustment for age, sex and vascular risk factors, persons with higher retinal D f were more likely to have diabetes (OR 1.56; 95% CI 1.14-2.14, highest vs lowest fractal tertile). This relationship remained with further adjustment for retinal arteriolar calibre and presence of retinopathy (OR 1.64; 95% CI 1.19-2.27), and after excluding participants with retinopathy (OR 1.60; 95% CI 1.16-2.21). Retinal D f was not related to impaired glucose tolerance or impaired fasting glucose (OR 1.19; 95% CI 0.85-1.67). Conclusions/interpretation Individuals with diabetes, but not with impaired glucose metabolism, have greater retinal D f , reflecting greater complexity of the retinal vasculature. Our findings suggest the presence of early microvascular changes in the retinal vasculature of persons with diabetes, even in the absence of overt retinopathy.
Introduction
Recent studies have shown that alterations in the retinal architecture, as reflected by variations in retinal vascular calibre, may be a marker of prediabetes, diabetes and its microvascular complications [1] [2] [3] measurements, however, offer information on a single specific variable of the retinal vascular network.
Fractal dimensions (D f ) represent the complexity of geometric patterns such as the retinal vasculature with selfsimilar branching pattern. Fractal analysis has been applied to characterise self-similar structures in various organs and tissues, such as the bronchial tree and the vascular system of the myocardium and kidney. The D f of the retinal vasculature can now be measured from digital fundus photographs using computer programs [4] . Recent studies show that changes in retinal D f are associated with diabetic retinopathy [5, 6] and hypertension [4] , with a suggestion from a small study of an association with diabetes [7] . Few studies have examined the possible association of retinal D f in people with impaired glucose metabolism. In this study, we compared the D f of people with diabetes and impaired glucose metabolism with normal, non-diabetic individuals.
Methods
Study population Study participants were recruited from the Australian Diabetes, Obesity and Lifestyle (AusDiab) study. Detailed methodology of this study has been described elsewhere [8] . In brief, the AusDiab study surveyed adults aged ≥25 years from 42 randomly selected areas in Australia. At the baseline examination in 1999-2000, all participants (n=11,247) underwent an OGTT and diabetes was diagnosed based on the 1999 WHO classification. Participants with a fasting plasma glucose (FPG) ≥7.0 mmol/l, or a 2 h plasma glucose (2HPG) level ≥11.1 mmol/l, were classified as having diabetes. Impaired glucose tolerance (IGT) was defined as FPG <7.0 mmol/l and 2HPG of ≥7.8 and <11.1 mmol/l, and impaired fasting glucose (IFG) was defined as FPG of ≥6.1 and <7.0 mmol/l and 2HPG of <7.8 mmol/l.
Of the original cohort (n=11,247), all participants with diabetes, IFG or IGT, and a random sample of those with normal glucose metabolism, were invited to participate in a substudy of diabetic complications. Of the 2,762 participants in this substudy, 1,848 (67%) attended the follow-up study in [2004] [2005] . We used digital retinal photographs taken at the 5 year follow-up visit of the study. Of the 1,848 participants, we excluded 77 (4%) participants without gradable vessel calibre and 194 (10%) without gradable photographs for D f , leaving 1,577 participants for this analysis. Compared with the participants with gradable photographs, those with ungradable photographs were older (67 vs 61 years), more likely to have diabetes (46% vs 32%) and retinopathy (9.4% vs 4.2%), but less likely to have IFG (6.7% vs 21.3%). There was no sex difference between the two groups. Institutional board review approval was obtained and all participants gave informed consent.
Retinal photography and fractal analysis At the 5 year follow-up visit, two-field retinal photographs (macular and disc-centred) were taken of both eyes using a non-mydriatic digital retinal camera. Two trained graders, masked to patients' clinical diagnoses, graded the disc-centred fundus photographs using a validated semi-automated computer program described previously [4, 6] . In brief, the program automatically traces all retinal vessels within a predefined circular region, 3.5 optic disc radii, centred on the optic disc. The grader then checks the trace against the original photograph and removes the occasional artefact misidentified as a vessel (e.g. peripapillary atrophy, pigment abnormalities, choroidal vessels and nerve fibre reflection). The program then calculates the D f from the refined line tracing using the box-counting approach. Grading time for each photograph is approximately 5 min [4] . Reproducibility of measurements was very high, with intra-and intergrader intraclass correlation coefficients ranging from 0.93 to 0.95 [4] . We additionally graded for retinopathy signs according to the simplified Wisconsin grading system [9] .
Statistical analysis We used multinomial logistic regression models to determine the likelihood (OR) of having diabetes or IFG/IGT in relation to D f , and defined the lowest tertile as the reference group versus the remaining two upper tertiles. We constructed four models: Model 1 included adjustments for age and sex; Model 2 included additional adjustments for systolic blood pressure, BMI and cholesterol; Model 3 included additional adjustments for retinal arteriolar calibre and retinopathy, which have been associated with higher D f in previous studies [6] ; and in Model 4 we adjusted for variables in Model 2 after excluding people with retinopathy signs.
Results
Of the 1,577 participants, 797 (50.5%) were female, and the mean age (standard deviation) of the participants was 61 (12) years. Participants with normal glucose tolerance were younger (58 years) than those with IGT/IFG (62 years) and diabetes (64 years). Of the 498 participants with diabetes, only 13 had type 1 diabetes. Table 1 shows that, after adjustment for age and sex, increased D f (highest vs lowest tertile) was associated with diabetes (OR 1.50; 95% CI 1.12-2.02). The association remained similar after further adjustment for vascular risk factors (OR 1.56; 95% CI 1.14-2.14). There was no significant association of retinal D f with IFG/IGT (OR 1.19; 95% CI 0.85-1.67). In supplementary analyses, the association between retinal D f and diabetes remained similar after additional adjustment for retinal arteriolar calibre and presence of retinopathy (OR 1.64; 95% CI 1.19-2.27) and in people without retinopathy (OR 1.60; 95% CI 1.16-2.21).
There was no significant association between D f and diabetic retinopathy (DR) severity, with D f in eyes with minimum DR 1.442, moderate to severe DR 1.441, and proliferative DR 1.403 (p value for trend=0.19).
Discussion
Our study shows that persons with diabetes had increased retinal D f , independent of age, sex, vascular risk factors, retinal vascular calibre and diabetic retinopathy. In contrast, there was no significant increase in people with impaired glucose metabolism. These findings suggest that increased complexity of the retinal microvascular structure may be a sign of early diabetes-related alteration in the microcirculation.
Our findings support data from only one previous study that reported a positive association between persons with diabetes and increased retinal D f [7] . The objective of this previous study, however, was to evaluate the technical and methodological aspects of fractal analysis as applied to persons with diabetes; hence it was limited by a small sample size and the absence of an OGTT to determine glycaemic status. Apart from a consistent cross-sectional association between diabetic retinopathy and increased retinal D f [5, 6] , there are few data on the relationship with diabetes, and none on IGT/IFG. A subsequent report [10] from the same study sample [6] showed no longitudinal association of retinal D f with incident diabetic retinopathy, suggesting that the observed increase in D f in patients with diabetic retinopathy is a consequent change.
The pathophysiological mechanisms underlying our findings remain unclear. It has been shown that, in pathological states, the retinal vasculature remodels in response to release of angiogenic factors to ensure that all tissues are adequately perfused. Alterations in retinal vessel patterns may be a response to hypoxia, and are typically seen in advanced stages as retinal neovascularisation, as in proliferative diabetic retinopathy. However, our observation of an association between retinal vascular fractals and diabetes in the absence of even mild retinopathy suggests that increased D f in persons with diabetes is not due to proliferative diabetic disease, but that alterations in retinal vascular geometric complexity are an indicator of much earlier subclinical vascular pathology.
It has been further suggested in experimental studies that diabetes induces a microvascular remodelling process that alters the structural morphology of retinal capillaries [11] . It is possible that increased retinal D f may be a reflection of these subtle morphological alterations, detectable before characteristic vasculopathy manifests. Finally, according to the Murray principle, the retinal architecture is structurally developed to optimise flow, and deviations from this optimal state occur in disease processes. Based on this hypothesis, increased D f may reflect alterations in the retinal architecture caused by hyperglycaemia, which may render the retinal vessels more vulnerable to further damage by other vascular risk factors.
The strengths of our study include its large sample size, the recruitment of participants from a population-based cohort with comprehensive data on risk factors and retinopathy status, and the standardised and masked assessment of retinal D f . Potential limitations include its cross-sectional design, which limits our ability to draw inferences on temporality of observed associations. The fact that there was no significant association with IGT/IFG suggests that such changes are more likely to be consequent than antecedent to diabetes. In summary, we show that people with diabetes are more likely to have increased complexity of their retinal microvasculature, as quantified by higher retinal D f even in the absence of overt retinopathy. In contrast, retinal D f was not related to IGT/IFG. Further prospective studies are needed to confirm these findings, to improve our understanding of the pathophysiological pathways of early vascular structural alterations in diabetes, and to determine the potential clinical utility of fractal analysis as a novel means to detect early subclinical diabetic microvasculopathy.
